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Abstract. NoMoS is a novel momentum spectrometer with which we aim to measure the
spectra of the charged neutron beta decay products with high precision. The shape of the proton
and electron spectra can inter alia be used for the determination of the electron-antineutrino
correlation coefficient a and the Fierz interference term b, respectively. These observables can
in turn be used to test the Standard Model of Particle Physics and to search for extensions
thereof. NoMoS utilizes the R×B drift effect present in curved magnetic fields, which disperses
charged particles according to their momentum. In this paper, we report on selected recent
investigations that were conducted with regard to the magnet design and the detection system.
1. Introduction
NoMoS, the Neutron decay products Momentum Spectrometer, is designed to measure
momentum spectra primarily of the charged decay products in free neutron beta decay [1, 2].
Measuring the spectra of the electrons and protons opens the door to several interesting
observables, such as the electron-antineutrino correlation coefficient a or the Fierz interference
term b. They affect the shape of the proton and electron spectrum, respectively. A precise
determination of these observables is a strong tool to test the Standard Model of Particle Physics
(SM) and to search for new physics beyond it [3, 4, 5, 6, 7].
Numerous experiments have been built or are under construction to measure these observables
with high precision: conducted measurements of a have achieved an accuracy of ∆a/a = 2.6%
[8] (PDG) whereas b was determined with an accuracy of ∆b = 0.09 [9]. Currently, various
experiments try to improve on this. aCORN is still in the process of data taking with an
ultimate goal of ∆a/a ∼ 1% [10], aSPECT recently published its final value with an accuracy
of ∆a/a = 0.8% [11] and Nab aims for ∆a/a ∼ 0.1% [12]. Nab also plans to measure the Fierz
interference term with an ultimate precision of ∆b < 10−3 [13]. The ultimate goal of NoMoS is
∆a/a < 0.3% and ∆b < 10−3.
In this paper, we present handpicked in-depth investigations of the apparatus design. These
include a comparison of two magnet configurations and arising changes in systematic effects as
well as the systematic effect of detector misalignment.
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2. Experimental Design of NoMoS
NoMoS is an R × B drift momentum spectrometer, getting its name from the so-called R × B
drift effect. This drift appears in curved magnetic fields (derived from the gradient drift) and
the drift velocity is in zeroth order proportional to [14]:
~vR×B ∝
~R× ~B
qR2B2
(1)
with the curvature vector ~R and the magnetic flux density ~B as well as their respective vector
norms R and B. As the drift velocity also depends on the charge q of the particle, electrons
and protons drift in opposite directions. When the velocity is integrated over time, the resulting
drift distance is linearly proportional to the particle’s momentum p [15]:
DR×B =
pα
qB
f(θ) (2)
with α being the curvature angle of the curved field region (see Fig. 1) and
f(θ) = (cos θ + 1/ cos θ) /2 describing the dependence on the particle’s incident angle θ.
The principal set-up of NoMoS is shown in Fig. 1. It consists of the experimental interface,
the beam preparation area, the drift region as well as the detection region. First, the charged
neutron decay products have to be magnetically collected in a decay volume and magnetically
guided towards the rest of the apparatus. This can either be realized in a facility like PERC
[16, 17] (which also has its own magnetic filter for precise incident angle selection) or in-situ
in the experimental interface. Then, the particle beam is further manipulated in the beam
preparation area. An optional in-situ magnetic filter can be installed, that repels particles with
an incident angle larger than a critical angle. An aperture defines the beam cross-section before
the particles pass through the curved drift region, in which they experience the R×B drift. A
spatially resolving detector is placed in the detection region to measure the particles’ positions
from which the drift distances can be inferred.
Figure 1: Scheme of NoMoS: The appara-
tus is divided into four areas: the experimental
interface, the beam preparation area, the drift,
and the detector regions. Optional features for
in-situ particle collection are drawn dashed or
labeled in parentheses. Particle beam: The
electron/proton beam is magnetically guided
through the system and geometrically shaped
by the aperture. In the drift region the parti-
cles drift according to their momentum. The
drift distance is measured with a detector in
the detection region.
3. Investigation of an Alternative Magnet Configuration
The magnet system of NoMoS consists of several parts that significantly impact the transport of
the particles through the apparatus, like the magnetic filter. These parts’ particular realization
influences the functionality of NoMoS as well as the sensitivity of the observables on several
systematic effects. Therefore, different magnet design configurations are reviewed for advantages
and disadvantages.
One interesting variation of the NoMoS magnet (compared to the design presented in [2] and
Fig. 1) is the combination of the following two changes:
• Curvature angle α: only 90◦ of curvature angle in the drift region instead of 180◦, and
• Incident angle manipulation: Lowering the incident angles with a decreasing B-field (inverse
magnetic mirror effect) instead of selecting through the magnetic mirror effect with a B-field
maximum (filter).
Not only does this configuration extensively modify the system’s geometry, it also changes a
number of systematic effects. This is predominantly because α strongly influences the overall
shape of the drift distance spectrum (see linear dependence in Equ. 2).
Figure 2 shows an examplatory proton drift distance spectrum for α = 180◦ with filter
compared to α = 90◦ without filter. Figure 2a shows the strong effect of α shifting the spectrum
to lower drift distances for 90◦, whereas Fig. 2b illustrates the change in shape with a rescaled
spectrum. In the latter, we observe a more asymmetric and overall broader curve for the
90◦ configuration.
(a) A proton drift distance spectrum comparing
the two different configurations.
(b) The proton drift distance spectra of both
configurations with normalized x-axis.
Figure 2: An examplatory proton drift distance spectrum, comparing α = 180◦ with filter
(blue, solid) to α = 90◦ without filter (orange, dashed). Other parameters of this spectrum:
Absolute B-field level in the drift region BR×B = 0.2 T, a = −0.103, the aperture opening in
drift direction xA = 1 cm, the ratios of B-fields in specific areas relative to the decay volume
rA,R×B,Det = 1 and 1/2, rF = 2 and 1 (aperture, drift region, detector, filter), for α = 180◦ and
90◦, respectively.
We investigate the sensitivity of the observables on systematic parameters with the help of a
fit function, that includes all particle transport effects and the observables through the system.
This function is fitted to drift distance spectra with minor changes introduced in the systematic
effects’ parameters. This mimics a small error in the observables resulting from an uncertainty
in the systematic parameters.
Two significant systematic effects in both configurations are from uncertainties in BR×B and
α. In the following, we assume an uncertainty in the parameters of ∆BR×B/BR×B = 1× 10−4
and ∆α/α = 4 × 10−4. In Table 1 we list preliminary errors in a and b from those systematic
effects.
Table 1: Preliminary systematic errors in a and b from uncertainties in BR×B and α determined
by a fit function (as described above) for the two aforementioned magnet configurations. For
both systematic effects, an additional fit parameter is introduced. All errors given are upper
bounds. The values are given for the in-situ particle collection (PERC would introduce its own
filter - this in general results in smaller systematic effects). All systematic parameters’ values
are given in Fig. 2.
Systematic error (×10−3)
α =180◦ w filter α =90◦ w/o filter
Systematic effect ∆a/a ∆b ∆a/a ∆b
Absolute B-field level BR×B < 0.8 < 0.2 < 0.7 < 0.2
Curvature angle α < 1.8 < 0.4 < 2.6 < 0.7
Overall, the errors are worse for 90◦ without filter but still on a managable level (considering
the upper bound nature of the estimates). In the end, besides systematic effects, also other
aspects of the magnet design configuration are going to be considered for a final decision, like
complexity of construction or cost.
4. Detector Misalignment Investigations
Since the drift distance experienced by the decay products depends on the magnetic field,
the precise alignment of the spatially resolving detector to the magnetic field lines is crucial.
Any mechanical inaccuracies in the alignment would introduce systematic errors in the spatial
measurement of the spectrum that could dominate the desired precision for the observables.
Studies into misalignment effects reveal that an uncertainty of ±0.1 mm in the positioning of
the detector in the drift direction could generate a relative error of > 10−3 in a and an absolute
error of the same order in b. To suppress these errors, an additional fit parameter is incorporated
in the fit function to account for positional uncertainties of the detector. With the help of
this additional fit parameter, the systematic errors arising from potential misalignment can be
suppressed by about two orders of magnitude for both observables irrespective of the magnet
system configuration described in Section 3. A moderate positioning precision of ±0.5 mm
can easily be achieved using simple spatial measurement techniques, such as calliper gauges.
Therefore, the fitting routine was tested with increasing misalignment distances up to ±0.5 mm.
Resulting systematic errors remain suppressed by about two orders of magnitude over the tested
range.
5. Summary and Outlook
The purpose of this paper is to give insight into some of the numerous investigations
going on within the NoMoS project to optimize the apparatus. We present an illustrative
alternative magnet design, including changes in some of the systematic effects. Eventhough
this configuration is still viable, we observe that the shown systematic effects get worse for
the alternative magnet configuration. For a final decision on the apparatus design, also other
considerations have to be taken into account, like cost. In addition, we discuss the importance
of proper alignment of the detector and cite the error a potential misalignment would introduce
in the observables. We also present how we can reduce the aforementioned errors by the
introduction of a fit parameter in our fit function. It is investigations like these that are used to
determine the optimal design for NoMoS.
Acknowledgments
We would like to thank Eberhard Widmann (SMI) for his support and helpful discussions.
This work is supported by the Austrian Academy of Sciences within the New Frontiers Groups
Programme NFP 2013/09, the Austrian Science Fund under contract No. W1252-N27 (DK-PI),
the TU Wien, and the SMI Wien.
References
[1] Konrad G 2015 PoS EPS-HEP 2015 234 592 URL https://pos.sissa.it/234/592/pdf
[2] Moser D et al. 2019 International Workshop on Particle Physics at Neutron Sources 2018 (PPNS 2018)
Grenoble, France, May 24-26, 2018 accepted for publication (Preprint 1906.04511) URL https://arxiv.
org/abs/1906.04511
[3] Profumo S, Ramsey-Musolf M J and Tulin S 2007 Phys. Rev. D 75(7) 075017 URL https://link.aps.org/
doi/10.1103/PhysRevD.75.075017
[4] Dubbers D and Schmidt M G 2011 Reviews of Modern Physics 83 1111–1171
[5] Cirigliano V, Gardner S and Holstein B R 2013 Progress in Particle and Nuclear Physics 71 93–118
[6] Czarnecki A, Marciano W J and Sirlin A 2018 Phys. Rev. Lett. 120(20) 202002 URL https://link.aps.
org/doi/10.1103/PhysRevLett.120.202002
[7] Gonzlez-Alonso M, Naviliat-Cuncic O and Severijns N 2019 Prog. Part. Nucl. Phys. 104 165 – 223 ISSN
0146-6410 URL http://www.sciencedirect.com/science/article/pii/S0146641018300735
[8] Tanabashi M et al. (Particle Data Group) 2018 Phys. Rev. D 98(3) 030001 URL https://link.aps.org/
doi/10.1103/PhysRevD.98.030001
[9] Hickerson K P et al. (UCNA Collaboration) 2017 Phys. Rev. C 96(4) 042501 URL https://link.aps.org/
doi/10.1103/PhysRevC.96.042501
[10] Darius G et al. 2017 Phys. Rev. Lett. 119(4) 042502 URL https://link.aps.org/doi/10.1103/
PhysRevLett.119.042502
[11] Beck M et al. 2019 Submitted to Phys. Rev. Lett. C (Preprint 1908.04785)
[12] Fry J et al. 2018 International Workshop on Particle Physics at Neutron Sources 2018 (PPNS 2018) Grenoble,
France, May 24-26, 2018 accepted for publication (Preprint 1811.10047)
[13] Broussard L J et al. 2018 Hyperfine Interactions 240 1 ISSN 1572-9540 URL https://doi.org/10.1007/
s10751-018-1538-7
[14] Jackson J D 1999 Classical Electrodynamics 3rd ed (New York, NY: Wiley) ISBN 9780471309321
[15] Wang X, Konrad G and Abele H 2013 Nucl. Instr. Meth. A 701 254 – 261 ISSN 0168-9002 URL
http://www.sciencedirect.com/science/article/pii/S0168900212012211
[16] Dubbers D et al. 2008 Nucl. Instr. Meth. A 596 238 – 247 ISSN 0168-9002 URL http://www.sciencedirect.
com/science/article/pii/S0168900208011285
[17] Konrad G et al. 2012 J. Phys.: Conf. Ser. 340 012048 URL http://stacks.iop.org/1742-6596/340/i=1/
a=012048
